The chemical and isotopic composition of several thermal springs and associated gas phases in a large sector of central-western peninsular India has been investigated. Such springs have meteoric isotopic signature and emerge, after very well developed convective circulation at depth, along important tectonic structures such as the Son^NarmadaT apti rift zone and the West Coast Fault. Chemical components in both gas and liquid phases and geothermometric estimations suggest that such springs are not related to the presence of any active hydrothermal systems at shallow depth in any of the studied areas. The hottest convective water emerges at Tattapani at near boiling point for water at atmospheric pressure ( s 90³C) in association with an N 2 -rich gas phase of clear meteoric signature. Since such fluids do not carry any corrosive components, they could be conveniently exploited for industrial purposes, such as drying processes. From a tectonic point of view, the presence of thermal emergences scattered in a wide area along geologically well defined structures, which also generate frequent moderate earthquakes, suggests that such structures are active. Although the isotopic composition of thermal springs points to a meteoric origin, their feeding aquifers are not topographically driven as in most active Alpine orogenic belts. The relative high quantity of total helium in the associated gas phase suggests also that they are really deep, old, long circulating waters. We propose for such waters the term`intracratonic thermal waters' since the isotopic signature of He in the gas phase does not show any release of primordial 3 He in any of the areas of spring emergence. Based on the quite low 3 He/ 4 He ratio in the gas phase we suggest also that, in spite of its morphological shape, the Narmada^Son^Tapti rift zone cutting the Indian subcontinent in two is more related to paleo-suture rather than to a mid-continental rift system.
Introduction
If it is true that there is a wide range of literature on the origin, transport, storage, expulsion and chemical and isotopic signature of hot crustal and mantle £uids along convergent plate boundaries (i.e. [1^4]), the same cannot be said for thermal £uids discharging from intracratonic areas, apart from rift zones (i.e. [5] ). Cratonic areas are characterized by relatively stable tectonics and the emergence of possible deep circulating £uids in the crust is limited, among others, by their relative £at morphology. Topographically driven £uid expulsion along stratigraphical boundaries, very common in alpine environments, is in fact reduced by the presence of powerful shallow £at aquifers. They act as thermal and chemical`bu¡ers', and the rising and emergence of deep-originated thermal £uids is generally strictly focused along important regional fault systems [6] .
Among Precambrian cratons, peninsular India is a relatively tectonic stable area. Nevertheless, several provinces are characterized by both high heat-£ow (from 100 to s 180 mW/m 2 ; [7, 8] ) and relatively high seismicity [9] and about 400 thermal discharges have been mapped by the Geological Survey of India [10] .
The anomalous thermal gradient in many of these provinces (50^80³C/km; [10] ) has been related to di¡erent regional geological events such as: (i) the Cretaceous-Tertiary Deccan £ood basalt (DFB) volcanism (Deccan trap; [11] ), (ii) the mid-continental rifting of the Son^Narmada^Tap-ti lineaments (SNTL ; [12, 13] ) and (iii) subduction related to the Himalayan orogeny in the northern part of India [14] . The ¢rst systematic morphological and chemical descriptions of individual thermal areas, both in peninsular India and in the Himalayas, can be found in [15^18] whereas a general overview is provided by [19] .
After the oil crisis of the 1970's, a reconnaissance survey by the UN organization and the Geological Survey of India was carried out on the majority of Indian thermal springs, the results of which are reported in the`Geothermal Atlas of India' [10] . Since then, studies on the geological, tectonic and geochemical characteristics of the springs have suggested that some of them might be exploited for industrial and domestic purposes [20^25] .
Although several authors have reported chemical and isotopic data for the thermal springs [263 1], studies on the associated gas phases can be considered to be practically non-existent. In order to ¢ll this gap, as part of a collaborative project between the Indian and the Italian Ministries of Foreign A¡airs, two extensive sampling campaigns on thermal waters and associated gas emissions have been carried out in 1997 and 1998 on three of the more important thermal provinces : (i) the West Coast (WC), (ii) at the eastern boundary of the Cambay basin and (iii) along the SNTL, which represents the most important E^W midcontinent structure of India (Fig. 1) .
In the WC, several springs and gases have been sampled along the West Coast Fault (WCF) line, in an area between Unai to Rajapur, separated by a distance of about 350 km. Five thermal springs channeled by a deep continental Cambay rift [32] have been sampled near Tuwa in the Cambay basin. Several thermal springs and gases have been taken along the SNTL, from Unapdeo near the city of Jalgon to the west, to the quite famous thermal area of Tattapani (`hot water' in Indi language) to the east (Fig. 1) .
Apart from an extensive chemical and isotopic characterization of both thermal water and gases, this paper deals with: (i) a description of the underground pathways of rising £uids in individual areas, (ii) an estimation, using chemical geothermometric techniques in both liquid and gas phases, of the geothermal potential of the three de¢ned thermal provinces and (iii) the tectonic signi¢cance of the thermal water and gas emissions in the framework of the crustal development of India.
Geological setting
The Indian subcontinent can be schematically subdivided into three main geological units : (i) the Peninsular Shield in central-southern India, (ii) the Himalayan thrust belt in northern India and (iii) the E^W Indo-Gangetic Basin in the middle between these two units [9] .
The three thermal provinces considered here belong to the northern part of the Peninsular Shield, characterized by the presence of the DFB to the west and the Precambrian crystalline basement to the east (Fig. 1) .
The 65-Ma-old DFB [33] erupted while the Indian plate crossed over the Reunion Island hotspot during its long northward drift after the break-up of the Gondwanaland [34] . The Precambrian crystalline basement, including meta-igneous and meta-sedimentary rocks as old as 2. 53 .0 Ga, is overlain by the Gondwana formations, represented mainly by limestones, with minor sandstone and shale formations in the eastern parts of the Son^Narmada^Tapti province (SO-NATA hereafter; [9] ).
The WCF, SONATA and Cambay basin seem to have originated from a common area located in the Cambay Gulf in the northern part of the Arabian Sea, which was ¢rst de¢ned by Burke and Dewey [35] as a plume-generated triple junction.
WC province
The DFB extends over an area of about 500 000 km 2 , covering the entire Maharashtra State and parts of the Gujarat State. The thickness of the basalts reaches upto 3000 m in the WC [36] and lava £ows are dissected by numerous N^S trending faults and dyke swarms, some of which must have fed the earlier £ows [37, 38] . The major tectonic feature along the coast is the WCF, which runs parallel to the coast for a length of about 500^600 km (Fig. 1 ). This structure was formed during the melting of the continental crust prior to the volcanism, and was reactivated after the Deccan volcanism [39] . The presence of several sympathetic faults aligned parallel to the WCF, indicates £exuring of the lava £ows along the coast [40, 41] . All these faults and dykes are paral-lel to the regional fault system (NNW^SSE) developed during the break-up of the Gondwanaland [42] and all thermal springs discharge along such structures.
The area of DFB is seismically active and minor to moderate earthquakes with magnitude ranging from 3.5 to 6.0 are relatively frequent [43] .
Cambay province
The Cambay basin in the State of Gujarat represents the northern arm of the above mentioned triple junction in the Cambay Gulf. The anomalous geothermal gradient at Cambay has been attributed to the presence of a large number of plutons and mantle upwarming related to the Deccan Trap volcanic activity [11] . Thermal springs sampled at Tuwa are located on the eastern margin of the basin (Fig. 1) , where Proterozoic granites are exposed at the surface. Besides DFB, Jurassic^Cretaceous and Oligo-Pleistocene sedimentary formations crop out extensively in the area of spring emergence [44] .
SONATA province
The SONATA is located between the IndoGangetic plain in the north and the Precambrian Shield in the south. The WSW^ENE trending structure that includes the Narmada and Tapti rifts and the Narmada^Son and Tapti lineaments ( Fig. 1 ) is considered to be a mid-continental rift system formed after the collision of the Indian plate with the Eurasian plate [20,45^47] . Deep seismic sounding pro¢les across the SONATA, south of Tattapani, suggest that the fault system that bounds the structure is deeply rooted and in some areas it might reach the mantle [32] .
The Unapdeo and Salbardi thermal springs ( Fig. 1 ) discharge through the Deccan volcanics. In particular, Unapdeo emerges inside the Tapti rift whereas Salbardi falls along the Satpura fault, where DFB are in tectonic contact with the sedimentary Archean formations of the`Gondwana Supergroup' [44] . The quite famous Tattapani springs [22] are located at the eastern edge of the SONATA and are related to the Balarampur fault system. They £ow through Archean metamorphic formations consisting of quartzites, schists, gneisses intruded by granites, pegmatites and amphibolites [48] . Earthquakes of moderate magnitude characterize the whole SONATA province.
Sampling and analytical procedures
Sample locations are schematically shown in Fig. 1 . Twenty-four thermal springs (t s 33³C) and, for comparison, 34 cold waters (11 river samples; 15 open wells and nine bore wells) together with 14 gas manifestations have been collected. Gas samples in all areas (including the Tattapani geothermal wells) emerge as gentle and intermittent small bubbles within the thermal pools. Thermal waters are usually close to either temples or to areas dedicated to religious worship [49] .
Electrical conductivity, pH and temperature together with alkalinity (titration with HCl), SiO 2 and NH 4 content in water (both determined using a portable Hanna colorimeter) have been determined in the ¢eld. A Dionex DX100 ionic chromatograph and a Perkin Elmer Analyst 100 have been used in the laboratory for the determination of anion and cation concentrations, respectively. 18 O/ 16 O and D/H isotopic ratios in the water samples were determined using a Finningan MAT 250 deltaS mass spectrometer.
Gas samples have been collected with a plastic funnel and stored in two-way glass tubes for CO 2 , H 2 S, N 2 and 3 He/ 4 He isotopic ratio determinations and in pre-evacuated one-way glass tubes ¢lled with 50 ml 4 N NaOH solution [50] for the determination of inert low concentrated compounds. The bulk composition of gases has been determined with a Shimadzu 15A gas chromatograph equipped with a TCD detector and a Shimadzu 14A equipped with a FID detector. The isotopic composition of He has been determined using a MAP 215-50 mass spectrometer, while the two 40 Ar/ 36 Ar measurements were performed with a Spectrolab 200 VG-Micromass quadrupole mass spectrometer [51] .
Water chemistry
Major (Na, K, Ca, Mg, HCO 3 , SO 4 and Cl) and minor (SiO 2 , B, Li, NH 4 , F, NO 3 and Br) components in solution (in mg/kg) are reported in Table 1 and the water classi¢cation has been made in Fig. 2 (Fig. 2) . Unlike the WC, the SONATA springs do not show Ca enrichment over Na.
In the trilinear B(10U)^Li(10U)^F diagram (Fig. 3 ) the thermal waters from Cambay, though similar to the WC in their major ion concentration, are enriched in Li and de¢ne a separate ¢eld. The SONATA samples are enriched in F compared to the springs from other two provinces. Though located far away geographically, the Salbardi (samples 55^56) and Tattapani (samples 475 0) thermal springs show similar F, Li and B concentrations indicating similar geologic and circulating environment at depth. The silica concentration in thermal samples ranges between 37 mg/kg at Koknere (sample 17) and 138 mg/kg at the highest temperature spring of Tattapani (sample 49; 90³C).
Delta 18 O and ND (Table 1) values have been plotted in Fig. 4 together with the Global Meteoric Water Line [53] and the position of the ocean 
Chemistry of gases
The composition of gases, with the same sample number as that of the associated water samples listed in Table 1 , are shown in Table 2 . All the gas samples are de¢nitely N 2 -dominated, with the N 2 concentration ranging from a minimum 88.5% by volume at Tattapani (sample 48) to 96.3% at Koknere (sample 17). Together with N 2 , remarkably high contents of total He and Ar have been measured in all the sampling areas. The argon concentration varies from 1.09% at Salbardi (sample 55) to 1.6% by volume at Tattapani (sample 60). Helium ranges between 0.54% at Tattapani to a very high 6.89% at Unai (sample 43). All the samples along the WC have an extremely low CO 2 content ( 6 0.025%), whereas the Cambay and the SONATA samples show slightly higher values ( 6 2.88%). CO is always below the instrumental detection limit of 0.0001% whereas the H 2 concentration is anomalously high ( s 0.01%) in all the samples.
In this relatively homogeneous group of gases, the one seeping out at Unapdeo (sample 28) is an exception since CH 4 is 80.5%, CO 2 is 10.9% and N 2 (5.77%), He (0.0005%) and Ar (0.093%) are relatively low. We attribute these anomalous values to the improper sampling, since the gas was issued from a pool rich in putrid marshy material. The CH 4 and CO 2 may possibly be related to the in-situ alteration of algae and leaves in the pool. Light hydrocarbon contents (C 2^C5 in mg/kg in Table 2 ) are very low in the gas samples from the WC and the Cambay provinces while they are present in the SONATA province. In particular C 2^C5 alkane species have values ranging from 0.2 to 893 mg/kg at Salbardi and Tattapani, respectively.
The 3 He/ 4 He ratio in samples, reported as R/R a in Table 2 (where R is the measured 3 He/ 4 He in the sample and R a is the ratio in air = 1.4U10
36 ; [56] ), ranges between 0.01 at Sativli (sample 1) and 0.26 at Sov (sample 24). Thus, most of the samples show a typical crustal ratio with the only exception being the Unapdeo sample (R/ R a = 0.53), the latter value being of secondary importance for the reasons mentioned above.
The 40 Ar/ 36 Ar ratio has been determined only for Akloli (r = 312) and Ganeshpuri 3 (r = 310) samples. As expected, considering the high concentration of total Ar, they have a certain enrichment in crustal 40 Ar with respect to the atmospheric ratio (r = 295.5).
That all samples are generated in between the atmosphere and the upper crust is clearly evidenced in the He^Ar^N 2 diagram of Fig. 5 (after [27] ). In particular, their position close to the He corner suggests a very long residence time of the gas phase in a crust a¡ected by U and Th decay.
Geothermometry
The N 2 -rich composition of the gas phase in all three thermal provinces suggests, in general, low deep equilibration temperatures and the application of any geothermometric technique in the gas phase [57] suggests deep equilibration temperatures lower than 100³C.
The equilibrium temperature estimates obtained by the use of geothermometric indicators in the liquid phase may be partly misleading due to mixing between deep water and marine water, at least in the WC area. In spite of this, the calculated temperatures after the application of the quartz geothermometer [58] still give temperatures in the same range as those obtained in the gas phase. They vary from 90³C in the WC thermal springs to about 150³C at Tattapani. ts = thermal spring ; r = river; w = cold well sample; tw = thermal well; log(P CO2 ) calculated using WATEQ4F [75] .
a pH measured in the laboratory. b Data from [74] . Sample numbers as in Table 1 . All elements in vol% excluding light hydrocarbons in ppm. nd = not determined.
Similar estimates have also been obtained through application of the K^Na^Mg technique [59] summarized in the K/100^Na/1000^Mg 1a2 ternary diagram of Fig. 6 . In this diagram cross comparison of the not always re-equilibrated K/Na geothermometer with the fast re-equilibrating K 2 /Mg geothermometer [27] further supports the fact that all the thermal systems in the thermal provinces studied have attained low-to-medium temperature equilibration. The maximum expectable K 2 /Mg deep temperature is still the one estimated at Tattapani (samples 49 and 50: 1301 35³C). Temperatures 6 100³C for thermal springs in the WC are strongly supported by the fact that they lie along the full equilibrium line. Such a line represents the composition of solutions, at variable temperatures, resulting from the recrystallization of a reservoir rock of average crustal composition [60] to a new assemblage after water^rock interaction [61] . With the likely reservoir of the WC springs consisting partially or totally of basalts and the composition of an average crust being similar to basalts (90% in the crust), the position of the springs re£ects real conditions of equilibrium. The same cannot be seen for Tattapani and Cambay which, having the main circulation in metamorphic rocks, tend to have higher K with respect to the equilibrium line.
Discussion
Any active hydrothermal system at depth induced by the presence of cooling magmas would produce, not only thermal waters at the surface, but also at least anomalous CO 2 and 3 He emissions. The lack of such anomalies suggests the absence of active high enthalpy hydrothermal systems at shallow depth in any of the three provinces considered. In fact, the composition of the thermal springs in the three studied areas does not seem to be constrained or bu¡ered by the presence of saline hydrothermal systems. The composition changes as a function of their geological and tectonic regime and related water^rock interaction processes at relatively low temperatures. Moreover, a quite homogeneous low temperature composition has also been revealed by the associated gas phases, altogether covering a quite large sector of the Indian subcontinent. Nevertheless, the presence of thermal springs in association with seismicity suggests neotectonic activity. Considering the unlikely presence of any high enthalpy system in any of the considered areas at shallow depths, in the following discussion the composition of waters and gases will be discussed in relation to their circulation patterns and tectonic signi¢cance as`intracontinental thermal £u-ids'.
Water geochemistry, evolution and circulation of thermal waters
As shown in Fig. 2 , cold waters, both from open and bore wells as well as rivers, are mainly Ca-HCO 3 in composition, only rarely a¡ected by the composition of thermal waters that seep out in their proximity. Apart from the Rajapur thermal spring (sample 40 which was not sampled because of it's inaccessibility) that shows a clear Na^HCO 3 character probably due to the presence of CO 2 , all the remaining thermal springs have prevalent Na^Cl composition but di¡erent salin- ity. With an exception to Ca-Cl type waters in the WC (samples 8, 9, 17 and 21) and the SONATA province (samples 28, 47^50 and 55^56), the Na/Cl ratio is generally very similar to the seawater ratio (Fig. 7) .
Since the Indian Ocean is quite close to the WC springs, it is very likely that the latter are a¡ected by partial in£ow of seawater into the deep thermal circuits. The SONATA samples, considering their low salinity and greater distance from the coast cannot be a¡ected by the presence of fresh or connate seawater. It is very likely that the small chloride content of the SONATA samples, as suggested by Chandrasekharam and Antu [22] is related to reactions between biotite-bearing gneiss and circulating waters. The lowering of the Na/Cl ratio for the three markedly Ca(Na)-Cl waters from the WC (samples 8, 9 and 20), and in minor amounts for all the remaining Na^Cl WC samples, is likely due to the interaction between the deep circulating, high saline Na^Cl waters and the Deccan basalts through Ca^Na exchange in altered feldspars [62^64] .
By considering their chemical composition and the fact that the oxygen and the hydrogen isotopic ratio in waters points to a meteoric origin for all the water discharges (even for the s 90³C waters at Tattapani), circulation in the three considered areas can be summarized as follows :
1. WC province (upper Fig. 8): The chemical composition of springs in this area is primarily controlled by the proximity of the Arabian Sea. Meteoric waters, in¢ltrating into the basalts through the WCF system, mix with seawater permeating from the coast through the quite permeable basalt trap [65] . After mixing, Ca^Na ionic exchange reactions involving basalts (plagioclase feldspar) increase Ca/Na ratios in the thermal waters. The Rajapur thermal spring (sample 40), though located within the DBF, due to the thin basalt cover, has the main thermal circuit within the crystalline basement. Hence, the circulating water emerges as a low saline Na^HCO 3 spring. 2. Cambay basin: Tuwa thermal springs are located in an area marked by the presence of thick layers of Pleistocene^Olocene marine sedimentary deposits [44] . The high salinity and Na^Cl signature in the thermal springs may be due to the mixing of connate waters, trapped in the shallow sediments, with meteoric-originated waters that circulate at deeper levels. The relatively high concentrations of boron and lithium elements in these springs (Fig. 3) , which are enriched in marine sediments, seems to support this hypothesis. 3. SONATA region (lower Fig. 8 ): Thermal waters emerging in the eastern parts of the study area attain their chemical characteristics during reactions with basement rocks outcropping in this area. In fact, although located spatially far away from each other, Unapdeo, Salbardi and Tattapani thermal springs have similar low salinity and Na^Cl composition with a Na/Cl ratio quite di¡erent from seawater. The low salinity is likely due to the presence of alteration-resistant high grade metamorphic members while chloride may be obtained, by biotite dissolution, from the gneisses present in the Precambrian crystalline basement. As regard to the high £uoride content of Salbardi and Tattapani thermal springs ( Fig. 3) , it is probably related to £uorite crystals quite enriched in the gneiss [66] .
Gas sources
As indicated by their N 2 /Ar and the N 2 /Ne ratios reported in Table 2 , the gas phase associated with the thermal springs in the three thermal provinces are mostly atmospheric-originated. The atmospheric components are driven to depth by in¢ltrating meteoric waters and emerge along the fault systems that control the emission of thermal waters both in the WC, Cambay and SONATA. The stripping of such gases from deep aquifers is likely due to the heating up of percolating waters, unbalanced by hydrostatic pressure, that decrease the solubility of their dissolved gas components by moving downwards. As suggested by the relatively huge amount of helium present in all samples and their 40 Ar/ 36 Ar ratio, the above process is coupled with a very long residence time in the crust.
The presence of the anomalous high hydrogen content (up to 0.26% at Tattapani) in these N 2 -rich gases of clearly meteoric origin, especially considering the likely absence of high temperature supplying systems at depth, is poorly understood. Although less evident than He and Ar, that radioactive products of nuclear decay are insensitive to physico-chemical parameters, H 2 can also be formed in the crust through various types of chemical reactions even at room temperature. As reported by Neal and Stanger [67] Such reactions can easily develop in water^rock interaction processes in femic rocks such as ophiolites. The serpentinization of olivine during metamorphism or at ambient temperatures can also yield free H 2 [68] . Basalts from the WC and the Cambay provinces and amphibolites in the basement from the SONATA province may contain more than 8% Fe 2 ([69] and Chandrashekaram, unpublished data) and this local Fe abundance can explain the measured hydrogen content in the gas samples. Since basic and ultrabasic rocks occur in the WC, Cambay and SO-NATA provinces, serpentinization of olivines appears to be the most probable process for the observed anomalous H 2 content in the thermal waters.
Sur¢cial alteration of organic material is likely responsible for the very small amount of measured CO 2 , CH 4 and C 2^C5 hydrocarbon content. The slight increase in these gas components by moving from the WC towards the eastern SONA- TA province can be caused by the presence of the Gondwana supergroup sedimentary formations in the SONATA province, which are rich in organic material relative to basalts and gneisses [44] .
Fluid chemistry and tectonics
The presence of thermal and gas emissions in a large sector of the Indian subcontinent and the striking coincidence with some important regional geological structures (the Cambay Basin, the WCF, the Narmada and Tapti rift zones), would seem to suggest that these structures are still active. Some of these structures are considered to reach the mantle in the SONATA and Cambay areas (40 km in depth; [70] ). Such a conclusion seems also to be supported by the presence of di¡use seismicity, although without the presence of destructive earthquakes. All these features are typical of plate boundaries or intracratonic rifting areas. The presence of a triple point at Cambay [14, 71] and the three associated arms along Cambay, the WC and SONATA look like a rifting system in its early stages. In spite of this morphological evidence of rifting structures, possibly induced by the hypothetical presence of a thermal bulge at the triple junction in the Gulf of Cambay, there is no active volcanism in any of the three described arms. Moreover, there is no evidence of active high temperature hydrothermal systems or active metamorphic processes in operation at shallow depth.
As already stated, active metamorphism, if any, would produce abundant CO 2 that would be discharged to the surface as dry gas vents and/or gas emissions associated with both cold and thermal springs. Moreover, the 3 He/ 4 He ratio, which is very sensitive to the involvement of mantle melted material in crustal processes, does not show any evidence of primary mantle 3 He degassing in any of the three supposed rifting arms. On the contrary, although the values reported in Table 2 are a¡ected, somehow, by air taken during sampling (R/R a = 1 in the air), the majority of the samples show R/R a ratios similar to the average value for £uids generated in a very well developed old crust (R/R a = 0.02 in such a crust; [72] ). Such low R/R a values are in line with the very high concentration of total helium that suggests either a long residence of £uids underground or the presence of anomalously high U and Th concentrations. If these rifts extend to mantle depths, as suggested by Kaila et al. [70] , then whatever little 3 He that is being leaked into the thermal circuits becomes diluted due to an abnormal high concentration of 4 He produced in the crust. Perhaps this could be one of the reasons why the R/R a ratio in some of the gases (WC) is above the average crustal value of 0.02 (Table 2 ).
In the absence of an evident mantle 3 He signature in the SONATA gases, in particular the one associated with the Tattapani thermal springs, we strongly feel that the SONATA thermal province is more related to a paleo-suture structure rather than a rift-related thermal province. This inference, based on the present isotope signature of the thermal gases, corroborates well with the existing geophysical data across the SONATA. Gravity, magnetic and seismic data across the SO-NATA zone indicate that the Tattapani geothermal province is bound to the north by the Narmada^Son lineament while its southern boundary is marked by a mid-continental suture zone known as the central Indian suture (CIS) zone [73] . The CIS more or less coincides with the Tapti lineament or rift and transects the Mahanadi and Godavari rift basins. The Narmada rift appears to have been developed over a fore-arc basin with the paleosubduction zone placed towards the southern part of the Tattapani geothermal province and close to the Tapti lineament. This paleo-subduction zone later converted to the CIS. All these tectonic elements were activated periodically since Precambrian, resulting in seismic and neotectonic activity [73] . The Tattapani fault and all other faults located between the northern Narmada rift and southern CIS have been developed due to such later crustal tectonic activity. In the absence of active magmatic events, the anomalous heat £ow values and geothermal gradients in this region are attributed to such Quarternary and Tertiary tectonic activity [20] .
Apart from these tectonic considerations in the SONATA area, the generalized presence of thermal springs scattered along the many faults that characterize both the SONATA, the WCF and the Cambay eastern boundary fault, is very likely due to the fact that large convective circulation of meteoric-originated waters is longitudinally well developed in the faults themselves. Such circulation drives, at the same time, meteoric waters downwards or deep waters upwards, according to the position of the £uids in time in the convective cell.
Concluding remarks
The presence of thermal springs in the centralwestern sector of India along important regional tectonic structures suggests a very well developed long circulation of waters 2^3 km deep in the crust. The large quantity of total He in the associated gas phase is a further evidence of long circulation underground. Such deep waters are meteoric-originated and are locally mixed with marine waters and connate waters in the WC and Cambay basin, respectively. We propose for these kind of thermal springs not related to plate boundaries, active orogenic belts or rift zones the term`intracratonic thermal waters'. Such spring waters must have a N 2 -rich associated gas phase, high helium and Ar concentration and crustal 3 He/ 4 He ratio. The hottest waters sampled, both as springs and wells, are those emerging at Tattapani. The fact that the £ow rate is high, that they emerge near the boiling point for water at atmospheric pressure ( s 90³C) but in association with a gas phase of clear meteoric signature, suggests the presence of a very well developed convective circuit. Such a circuit at the near boiling point for water would very likely provide, if exploited, a huge quantity of hot £uid. Such £uid could be used for industrial purposes such as drying processes. The lack of corrosive components, such as H 2 S, is a warranty for a long duration of eventual industrial plants that could be established in such provinces.
From a tectonic point of view, the presence of thermal emergences scattered along well de¢ned earthquake-generating structures suggests that faults associated with such structures are active. By considering that the emergence areas of springs are located in £at areas, a topographically driven circulation, such as in most plate boundaries or active orogenic belts, can be excluded. They do not get heated due to the presence of hot intrusives at shallow depth, but they are heated due to their circulation to deeper depths. Since most of the described faults where springs emerge are seismically active, they must be considered excellent sites for monitoring seismic activity and earthquake prediction.
Since the isotopic ratio of He in the gas phase does not indicate the presence of an appreciable amount of primordial 3 He in any of the three areas of spring emergences in the SONATA area (Unapdeo, Salbardi and Tattapani), we suggest that the Narmada^Son^Tapti rift zone may be considered part of the CIS una¡ected by any rising of mantle material.
